High-fat diets lead to obesity, inflammation, and dysglycemia. 12-Lipoxygenase (12-LO) is activated by high-fat diets and catalyzes the oxygenation of cellular arachidonic acid to form proinflammatory intermediates. We hypothesized that 12-LO in the pancreatic islet is sufficient to cause dysglycemia in the setting of high-fat feeding. To test this, we generated pancreas-specific 12-LO knockout mice and studied their metabolic and molecular adaptations to high-fat diets. Whereas knockout mice and control littermates displayed identical weight gain, body fat distribution, and macrophage infiltration into fat, knockout mice exhibited greater adaptive islet hyperplasia, improved insulin secretion, and complete protection from dysglycemia. At the molecular level, 12-LO deletion resulted in increases in islet antioxidant enzymes Sod1 and Gpx1 in response to high-fat feeding. The absence or inhibition of 12-LO led to increases in nuclear Nrf2, a transcription factor responsible for activation of genes encoding antioxidant enzymes. Our data reveal a novel pathway in which islet 12-LO suppresses antioxidant enzymes and prevents the adaptive islet responses in the setting of high-fat diets.
O besity, typically a result of diets high in saturated fat content, is directly correlated to insulin resistance and prediabetes. Macrovascular disease consequences, including stroke, myocardial infarction, and mortality increase even as blood sugars rise in the prediabetic phase (1) , thus emphasizing the perils of glycemic dysregulation in the absence of frank diabetes. High-fat diets (HFDs) and their consequent insulin resistance lead to adaptive islet hyperplasia, in which basal secretion of insulin is increased in an attempt to compensate for insulin resistance (2) . However, this compensatory mechanism can eventually fail in the face of prolonged insulin resistance. Inflammation and oxidative stress are major factors thought to contribute to dysfunction of ␤ cells in the setting of insulin resistance (3, 4) . In this regard, ␤ cells have low expression and activity levels of the antioxidant enzymes compared to other metabolic tissues (5) , and the pathway(s) that endogenously suppresses production of these antioxidant enzymes in the ␤ cell remains unclear.
The lipoxygenases represent a group of enzymes that catalyzes the oxygenation of polyunsaturated fatty acids to form inflammatory lipid intermediates, which have been shown to contribute to oxidative stress (6) . In the mouse, 12-lipoxygenase (12-LO) is expressed in several cell types, including macrophages, white adipocytes, and pancreatic islets (7). 12-LO oxygenates membranederived arachidonic acid primarily at the 12-position carbon atom to form 12-hydroperoxyeicosatetraenoic acid (12-HPETE), which is then converted to the more stable form 12-hydroxyeicosatetraenoic acid (12-HETE) (7) . The role of 12-LO in the setting of HFDs and obesity has been studied primarily in the context of whole-body 12-LO knockout mice. Recent studies showed that 12-LO knockout mice fed a HFD exhibit reduced macrophage infiltration into adipose tissue, reduced insulin resistance, enhanced ␤ cell function, and improved glucose tolerance compared to controls (8, 9) . Tissue-specific deletion of 12-LO driven by the aP2-Cre transgene in mice led to similar protection from HFDinduced glucose intolerance (10) , suggesting that the effects seen in the whole-body knockout might be attributable to effects of 12-LO deletion in adipocytes or macrophages. Although 12-LO expression in pancreatic islets is low to undetectable at baseline, its expression in islet ␤ cells is increased in the setting of metabolic stresses, such as hyperglycemia, cytokine-mediated damage, and partial pancreatectomy (11) (12) (13) . In none of the knockout animal models to date is it clear whether 12-LO in the islet could contribute to insulin secretory defects.
To address more directly the actions of 12-LO in the islet, we generated mice with specific deletion of 12-LO in islets and examined their response to cytokines and obesity-induced glucose intolerance. We show that deletion of 12-LO in the islet protected mice from glucose intolerance seen in both multiple low doses of streptozotocin (STZ) and from HFD feeding. Deletion of 12-LO increased antioxidant enzyme levels in islets and decreased islet oxidative stress, in part, through increased nuclear translocation of Nrf2. Our results indicate for the first time that 12-LO plays an important role in metabolic stress-induced dysfunction in islet ␤ cells, and 12-LO activity in the islet itself is sufficient to induce whole-body glucose intolerance under conditions of HFD consumption.
MATERIALS AND METHODS

Animals and genotyping.
Experiments involving mice were performed under protocols approved by the Indiana University Institutional Animal Care and Use Committee. CD1 mice (for procurement of mouse islets) were purchased from Charles River Laboratories.
Alox15
Loxp/ϩ mice, in which Cre recombinase recognition sequences (Loxp) flank exons 2 to 5, were generated by Ozgene on a C57BL/6 genetic background. Alox15
Loxp/ϩ mice were bred to Pdx1-Cre transgenic mice (14) to generate mice with a pancreas-specific knockout of 12-LO (Pdx1-Cre; Alox15
Loxp/Loxp , referred to as pLO-KO mice). Allele-specific genotyping was performed by PCR using primers flanking the 5= LoxP site: 5=-CATGGGTTCTCTGCCTTAGTGG-3=, and 5=-T CACCTCAACCAAGAGTGAGAGGG-3=. Using these primers, the wildtype Alox15 allele generates an amplicon of 175 bp, and the mutant allele generates an amplicon of 251 bp. For analysis of genomic recombination in islets, hypothalamus, muscle, fat, and liver, DNA was extracted from these tissues using a commercially available kit (Sigma) and subjected to PCR using primers designed to amplify the recombined allele: 5=-TTTCC CATCGTCCATCGTCCATCC-3= and 5=-TCCCTACTTGACCCAGACT ACCAG-3=. The PCR product (173 bp) was analyzed using a 2% agarose gel, and its identify was confirmed by automated sequencing.
HFD feeding and animal procedures. For experiments involving defined diet feeding, 8-week-old male wild-type and pLO-KO mice were placed on a normal chow diet (NCD) containing 18% kcal from fat, 58% kcal from carbohydrate, and 24% kcal from protein (2018S, Harlan Laboratories), or an HFD consisting of 42% kcal from fat, 43% kcal from carbohydrate (mostly sucrose), and 15% kcal from protein (TD.88137, Harlan Laboratories).
Blood glucose was measured weekly for 4 weeks using an AlphaTRAK glucometer (Abbott Laboratories). Body weights were measured weekly. Body composition was measured by using dual energy X-ray absorptiometry analysis (Lunar PIXImusII densitometer; GE Medical Systems). Glucose-stimulated insulin secretion in vivo, glucose tolerance tests (GTTs), and insulin tolerance tests were performed as described previously (15) with the following modifications: for the GTTs mice were injected intraperitoneally with 2 g/kg glucose after an overnight fast, and for the insulin tolerance tests mice were injected intraperitoneally with 0.75 U/kg insulin. For studies involving insulin signaling, mice were injected intraperitoneally with 10 U/kg regular human insulin or saline for 5 min prior to euthanasia, as described previously (16) .
Islets and assays. Mouse islets were isolated from collagenase-digested pancreas (17) and were allowed to recover overnight prior to experimentation. Islets were treated with a mixture of cytokines (10 ng/ml tumor necrosis factor alpha [TNF-␣], 100 ng/ml gamma interferon [IFN-␥], and 5 ng/ml interleukin-1␤ [IL-1␤]) or 100 nM 12-HETE for either 4 or 24 h.
Static glucose-stimulated insulin secretion assays using islets were performed as previously described (15) , and insulin released into the medium was measured using a mouse insulin enzyme-linked immunosorbent assay (ELISA) kit (Alpco Diagnostics). 12-HETE released into the medium was measured by using a 12-HETE ELISA kit (Enzo Life Sciences). Insulin in mouse serum was measured by using an ultrasensitive mouse insulin ELISA kit (Crystal Chem), and serum proinsulin was measured using a mouse proinsulin ELISA kit (ALPCO Diagnostics), both according to the manufacturer's protocols. The preproinsulin unmethylation index from mouse serum was performed as described previously (18) . Reactive oxygen species (ROS) were stained in isolated islets using CellROX Deep Red reagent (Life Technologies) and counterstained with Hoechst dye.
Immunostaining and morphometric assessment of ␤ cell area. Pancreata and adipose tissue from at least three different mice per group were fixed in 4% paraformaldehyde, paraffin embedded, and sectioned onto glass slides. The ␤ cell area as a percentage of total pancreas area (␤ cell area%) was calculated as previously detailed (19 (24) .
Statistical analysis. All data are presented as means Ϯ the standard errors of the mean. A Student t test was performed for comparisons involving two conditions and a one-way analysis of variance (with a Dunnett's post test) was performed for comparisons involving more than two conditions. Area-under-the-curve analyses were performed using the trapezoid method. GraphPad Prism (version 5.0) software was used for all statistical analyses. P values of Ͻ0.05 were considered significant.
RESULTS
Generation of pancreatic islet 12-LO knockout (pLO-KO) mice.
To obtain an islet-specific deletion of the mouse gene encoding 12-LO (Alox15), we first generated mice in which exons 2 to 5 of an Alox15 allele were flanked by Cre recombinase recognition sequences (Loxp), as shown in Fig. S1A in the supplemental material. The resultant mice were bred to homozygosity and then crossed to mice harboring the Pdx1-Cre transgene to remove 12-LO at the inception of pancreas development (henceforth referred to as pLO-KO mice). Because 12-LO is absent in the exocrine pancreas (25) (see Fig. S2A in the supplemental material), pLO-KO mice are essentially islet-specific 12-LO knockouts. PCR genotyping was used to confirm mice of differing genotypes (Alox15 ϩ/ϩ , Alox15 Loxp/ϩ , and Alox15 Loxp/Loxp ) (see Fig. S1B in the supplemental material). Quantitative RT-PCR analysis showed significant reduction of the mRNA encoding 12-LO in islets but not in fat or liver; the hypothalamus does not exhibit detectable levels of the mRNA in control or pLO-KO animals (see Fig. S1C in the supplemental material).
Islets from pLO-KO mice exhibit resistance to cytokine toxicity in vitro. Intraperitoneal GTTs were indistinguishable between 8-week-old pancreas-specific male and female pLO-KO and heterozygous knockout (pLO-HET) mice compared to control littermates (Alox15 Loxp/Loxp mice not carrying the Pdx-Cre transgene) (see Fig. S1D and E in the supplemental material). Islets isolated from pLO-KO and control male mice exhibited identical glucose-stimulated insulin secretion in vitro (see Fig. S1F in the supplemental material). These data, consistent with those of the global 12-LO knockouts (26) , suggest that the absence of 12-LO in pancreas has little or no impact on the development/ allocation of islet cell types and islet function or on glucose homeostasis. Most forms of diabetes involve proinflammatory cytokine-mediated dysfunction of islet ␤ cells (27) . In particular, it has been shown that in mouse models of obesity and type 2 diabetes, elevations in levels of proinflammatory cytokines IL-1-␤, TNF-␣, and IFN-␥ occur (likely released from macrophages and adipose tissue) (28) (29) (30) . To determine whether deletion of 12-LO confers resistance to proinflammatory cytokines, we next incubated islets from pLO-KO mice or control littermates with a cocktail of proinflammatory cytokines (IL-1␤, TNF-␣, and IFN-␥) in vitro at concentrations previously used in the literature (19, 31) . As shown in Fig. S1F in the supplemental material, after 4 h of cytokine exposure, islets from both control and pLO-KO animals exhibited increased basal (low glucose) insulin secretion and diminished stimulated (high glucose) insulin secretion compared to islets not exposed to cytokines. However, after 24 h of cytokine treatment, islets from pLO-KO mice exhibited relatively lower insulin secretion at low glucose and greater insulin secretion at high glucose compared to islets from control littermates (see Fig. S1F in the supplemental material). The resulting insulin stimulatory index at 24 h was unchanged in pLO-KO islets compared to 4 h, whereas the index in control islets at 24 h continued to decline (Fig. 1A) . These data suggest that deletion of 12-LO from islets results in delayed (Ͼ4 h) protection from cytokine toxicity. To clarify the mechanism underlying the role of 12-LO at 4 h versus 24 h of Loxp/Loxp (fl/fl) and pancreatic 12-LO knockout (pLO-KO) mice after 0, 4, and 24 h of cytokine treatment (n ϭ 3 or 4 per group); (B) 12-HETE secretion from isolated control and pLO-KO islets after 0, 4, and 24 h of cytokine treatment (n ϭ 3 or 4 per group); (C) male control and pLO-KO mice were subjected to multiple low-dose injections of STZ (55 mg/kg daily for 5 days), and random glucoses were monitored for 30 days (n ϭ 5 or 6 animals per group); (D) glucose tolerance test at 10 days after the start of STZ injections (left panel) and the corresponding area under the curve (AUC) (right panel) (n ϭ 5 or 6 animals per group); (E) glucose tolerance test at 30 days after the start of STZ injections (left panel), and the corresponding AUC (right panel) (n ϭ 5 or 6 animals per group); (F) representative images of pancreata immunostained for insulin (brown) and counterstained with hematoxylin (blue). Magnification, ϫ100. *, P Ͻ 0.05 for the value compared to the corresponding control.
cytokine treatment, we examined 12-HETE (the product of 12-LO activity) secretion from islets. As shown in Fig. 1B , no 12-HETE production was detected in control or pLO-KO islets after 4 h of cytokine treatment. However, 12-HETE production was significantly increased in control islets after 24 h of cytokine treatment but not in pLO-KO islets (Fig. 1B) . These data suggest that accumulation of the downstream proinflammatory lipid product of 12-LO, 12-HETE, is correlated with the severe dysfunction of islets seen after 24 h of cytokine exposure.
pLO-KO mice are protected from glycemic deterioration following low-dose streptozotocin injections. To test whether resistance of pLO-KO islets to cytokine stress translates to resistance to dysglycemia in vivo, we subjected male control and pLO-KO mice to five daily low doses of STZ (55 mg/kg given intraperitoneally) and monitored the blood glucose levels over the next 25 days. In this model, the recruitment of dendritic cells/macrophages into the vicinity of the islet causes the local release of proinflammatory cytokines, which leads to islet dysfunction and eventual death (19, 32) . Prior studies have shown that global 12-LO knockout mice are protected from low-dose STZ treatment (26) , but it remains unclear whether this effect is secondary to loss of 12-LO in ␤ cells or immune cells. As shown in Fig. 1C , control mice developed hyperglycemia (Ն300 mg/dl) by day 10, which gradually worsened over the next 20 days. In contrast, pLO-KO mice showed the same initial hyperglycemia by day 10, but thereafter blood glucoses remained stable. Intraperitoneal GTTs performed at day 10 demonstrated indistinguishable glucose tolerance between the two groups of mice (Fig. 1D) . However, consistent with the blood glucose values at 25 days after the administration of STZ, glucose tolerance of pLO-KO mice was significantly improved compared to the control animals (Fig. 1E ). Immunohistochemical analysis of pancreata of STZ-treated mice at the end of the study revealed significantly greater insulin staining intensity in pLO-KO mice compared to control animals (Fig. 1F) . These data suggest that the absence of 12-LO specifically in the pancreas is sufficient to protect against the long-term deterioration of glycemic control with multiple low-dose STZ.
pLO-KO mice are protected from glycemic deterioration in a model of obesity-induced ␤ cell dysfunction. HFDs lead to polarization of adipose tissue macrophages to a more proinflammatory phenotype, resulting in the release of inflammatory cytokines that impair ␤ cell function (33, 34) . To test resistance of pLO-KO islets to cytokine stress in vivo, we subjected pLO-KO mice and control littermates (Alox15 Loxp/Loxp animals) to HFD feeding. We placed 8-week-old mice on either the Western HFD (42% kcal from fat) or normal chow diet (NCD, 17% kcal from fat) for 20 weeks. At the end of the feeding, examination of pancreatic islets revealed an increase in 12-LO staining in control animals placed on a HFD compared to animals on a NCD, with no staining in extra-islet tissues (see Fig. S2A in the supplemental material). As expected, 12-LO immunoreactivity was significantly reduced in the pLO-KO animals (see Fig. S2A and B in the supplemental material). During the feeding study, pLO-KO mice gained equivalent weight and percent fat mass compared to control mice on a HFD, both parameters of which were greater than the mice placed on a NCD (see Fig. S2C and D in the supplemental material). HFD feeding, however, did not significantly alter lean body mass in any of the animals (see Fig. S2E in the supplemental material). Insulin tolerance tests revealed that both control and pLO-KO mice exhibited impairments in insulin sensitivity compared to animals on a NCD (Fig. 2A) . Similarly, insulin signaling measured by phosphorylated Akt in muscle was not different in HFD-fed pLO-KO mice compared to controls (see Fig. S3A in the supplemental material). Prior studies of HFD feeding of global 12-LO knockout mice revealed reductions in adipocyte size and infiltration of adipocytes by macrophages compared to control mice (8, 9) . However, in HFD-fed pLO-KO mice, we observed no differences in adipocyte size or F4/80 ϩ macrophage infiltration into adipocytes compared to control animals fed a HFD (see Fig.  S3B and C in the supplemental material). Collectively, these data demonstrate that pancreas-specific knockout of 12-LO did not affect cellular or whole-body insulin resistance, as acquired during HFD feeding.
To assess glucose homeostasis, we next performed intraperitoneal GTTs. As shown in Fig. 2B , whereas HFD-fed control mice exhibited impaired glucose tolerance compared to those fed NCD, pLO-KO mice fed a HFD displayed glucose tolerance that was indistinguishable from those fed a NCD. Although HFD feeding (and consequent insulin resistance) led to higher insulin levels within the first 10 min after glucose injections in both control and pLO-KO animals, the insulin levels in pLO-KO animals were significantly greater than in control mice during this time frame (Fig.  2C) . The greater insulin levels in HFD-fed pLO-KO animals suggest that these animals have enhanced ␤ cell insulin secretory function, a finding consistent with our observations in vitro that pLO-KO islets secrete more insulin in the face of proinflammatory cytokines.
HFD-fed pLO-KO mice exhibit enhanced ␤ cell mass and reduced ␤ cell death. Improvements in insulin secretion in HFDfed pLO-KO mice led us to examine the morphology of islets. As shown in Fig. 3A , the ␤ cell area% (relative to the total pancreas area) was greater in HFD-fed control and pLO-KO mice than in their NCD-fed counterparts. However, the ␤ cell area% of HFDfed pLO-KO animals was significantly higher than that of HFDfed control animals (Fig. 3A) , a finding concordant with the higher insulin levels observed in these animals. To determine whether the increased ␤ cell area% of HFD-fed pLO-KO animals resulted from changes to ␤ cell proliferation, pancreatic sections were stained for Ki67. Both control and pLO-KO HFD-fed mice had increased, Ki67 ϩ /insulin ϩ compared to NCD-fed mice but were undistinguishable from each other (Fig. 3B) . Instead, ␤ cell death was reduced in pLO-KO mice, since unmethylated preproinsulin DNA in the serum (the "unmethylation index," a specific marker of ␤ cell death) (18) was reduced in these mice compared to controls (Fig. 3C) . Interestingly, this reduction in ␤ cell death was associated with reductions in insulin ϩ /Chop ϩ cells in pLO-KO mice (Fig. 3D) , suggestive of reductions in endoplasmic reticulum (ER) stress-induced apoptosis. Consistent with this possibility, pLO-KO mice exhibited reductions in the proinsulin/ insulin ratio (Fig. 3E) , which may be reflective of reduced ER stress (23).
12-LO deletion protects against chronic cytokine-induced oxidative and ER stress in vitro.
Because improved glucose tolerance in HFD-fed pLO-KO mice was attributable to improved ␤ cell function and survival, we next investigated signaling pathways that contribute to ␤ cell survival in these animals. The 12-HETE and other lipid peroxides produced by 12-LO leads to oxidative stress (35) . Immunofluorescence analysis using a fluorescent dye-based free radical sensor (CellROX) demonstrated an increase in ROS upon incubation of control islets with cytokines for 24 h (Fig. 4) . In contrast, ROS production was almost completely blocked in pLO-KO islets upon incubation with cytokines for 24 h. Notably, this effect of cytokines was reproduced upon incubation with 100 nM the 12-LO product 12-HETE for 24 h regardless of genotype, suggesting that cytokine-induced ROS production at 24 h may result from downstream products of 12-LO activity. Because of low antioxidant enzyme production, islet ␤ cells have limited ability to counter ROS production. As shown in Fig. 5A , incubation of control mouse islets with cytokines for 24 h resulted in a reduction in the mRNA encoding glutathione peroxidase (Gpx1). In contrast, cytokine incubation of pLO-KO islets for 24 h led to an increase in Gpx1 levels. The reduction in Gpx1 mRNA by cytokines was mimicked by the addition of 12-HETE, regardless of genotype (Fig. 5A) . Figure 5B and C show that protein levels of GPx1 by immunoblot paralleled the changes in mRNA levels.
Oxidative stress is closely linked to activation of the unfolded protein response (UPR) and ER stress, since increased oxidation of proteins can lead to the misfolding of proteins in the ER lumen (36) . Figure 5D and E show that incubation of control islets with cytokines for 24 h results in an increase in Xbp1s and Chop mRNA levels, respectively, and that these increases were blunted in pLO-KO islets. Incubation with 100 nM 12-HETE produced increases in Xbp1s and Chop similar to cytokines in both control and pLO-KO islets, suggesting that the development of ER stress by cytokines at 24 h may be largely mediated by 12-LO products ( Fig.  5D and E) . Collectively, these data indicate that the increased oxidative stress of cytokines appears to be closely linked to ER stress and that the absence of 12-LO in islets is partially protective against these changes.
HFD-fed pLO-KO mice showed decreased islet oxidative stress and increased antioxidant enzyme levels. The activation of oxidative stress in cytokine-treated islets led us to explore whether oxidative stress is correlated with islet dysfunction in HFD-fed mice and whether deletion of 12-LO is protective. We costained pancreas sections of NCD-and HFD-fed mice for insulin and 4-hydroxynonenal (4-HNE), a product of endogenous lipid peroxidation and a marker of oxidative stress-induced cellular damage. Mice fed NCD had little to no 4-HNE staining in ␤ cells, whereas HFD-fed control mice had intense 4-HNE staining (Fig. 6A) . In contrast, HFD-fed pLO-KO mice had little to no 4-HNE staining, similar to NCD-fed mice (Fig. 6A ). These data parallel findings from isolated islet studies (Fig. 4) , suggesting that the absence of 12-LO protects against the development of oxidative stress.
To determine whether the reduction in apparent islet oxidative stress in pLO-KO mice resulted from increases in antioxidant enzyme levels, we next costained pancreatic sections for insulin and antioxidant enzymes. The ␤ cells of NCD-fed animals showed minimally detectable levels of Gpx1 (Fig. 6B) , superoxide dismutase (SOD1) (Fig. 6C) , and catalase (Fig. 6D) . Whereas Gpx1 staining intensity decreases slightly in ␤ cells upon HFD feeding in control mice, levels increase substantially after HFD feeding in pLO-KO mice (Fig. 6B) . Similar results were observed with SOD1 and catalase ( Fig. 6C and  D) , wherein staining intensities of these enzymes increased in pLO-KO mice upon HFD feeding. Taken together, with the data obtained from cytokine incubations in vitro, it appears that 12-LO promotes oxidative stress by preventing adaptive increases in antioxidant enzymes in islet ␤ cells.
12-LO inhibits nuclear accumulation of the Nrf2 antioxidant gene activator. The Nrf2 transcription factor is an important activator of antioxidant genes, and the promoters of Gpx1 and Sod1 contain Nrf2 recognition sequences (37) . To understand better the mechanism for the increased antioxidant gene activity in pLO-KO mice, we examined levels of Nrf2 protein and its corresponding mRNA (Nfe212). As shown in Fig. 7A , treatment of mouse islets with cytokines for 24 h resulted in a reduction in Nfe212 mRNA levels, which were not only restored but increased in islets isolated from pLO-KO mice. Incubation with 100 nM 12-HETE reduced Nfe212 mRNA in both control and pLO-KO islets, suggesting that the negative effect of cytokines on Nfe212 transcription is mediated by 12-HETE. Immunoblots of islet cell extract showed that Nrf2 protein levels paralleled the observed transcript levels (Fig. 7B and C) .
To determine whether the effects 12-LO deletion on Nrf2 are observed in vivo, we costained pancreas sections from HFD-fed mice. As shown in Fig. 7D and E, pLO-KO mice had increased Nrf2 in the nuclear and perinuclear region compared to control animals. Taken together, these data suggest that 12-LO and its products, notably 12-HETE, inhibit activation and nuclear localization of Nrf2 in the setting of cytokine-mediated stress.
FIG 6
Oxidative stress and antioxidant enzyme staining in islets after HFD feeding. Fixed pancreatic sections from control (fl/fl) and pLO-KO mice fed a normal chow diet (NCD) or a high-fat diet (HFD) for 20 weeks were subjected to immunofluorescence staining. Shown are representative images (left panel) and the pixel density (right panel) from analysis of at least three animals from each group stained for 4-hydroxynoneal (4-HNE, red) and insulin (green) (A), glutathione peroxidase (GPx1, red) and insulin (green) (B), superoxide dismutase (SOD1, red) and insulin (green) (C), and catalase (Cat, red) and insulin (green) (D). Magnification, ϫ200. *, P Ͻ 0.05 compared to the control in each group.
DISCUSSION
Prediabetes is characterized by inflammation involving macrophages, adipose tissue, and the pancreatic islet (27) . The enzyme 12-LO is expressed in key tissues involved in metabolic homeostasis-leukocytes, adipose tissue, and pancreatic islets-and is thought to contribute to the inflammation and insulin resistance seen in prediabetic states. Rodent and human pancreatic islets have been shown to express 12-LO and its products in the context of inflammation (35, 38, 39) , but whether 12-LO plays an intrinsic role in islet dysfunction during HFD feeding in vivo has never been addressed until the present study. To interrogate both a role and a mechanism for islet-intrinsic 12-LO in the setting of insulin resistance, we crossed Pdx1 promoter-driven Cre recombinase transgenic mice to Alox15 "floxed" mice. Pdx1-Cre is expressed in pancreatic progenitors beginning at embryonic day ϳ9.0, and the resultant mice from this cross are technically pancreas-specific 12-LO knockouts (pLO-KO). However, because 12-LO is absent in pancreatic exocrine tissue (the present study and reference 25), we considered these mice as islet-specific knockouts. We show that pLO-KO mice gain weight normally on a chow diet and exhibit no overt metabolic phenotype. Our data support wholebody knockout studies that suggest that 12-LO is dispensable for pancreas development and islet mass accrual and function postdevelopmentally (26) .
HFDs have been shown to provoke inflammation in both adipose tissue and islets, in part through the recruitment of macrophages and their local release of proinflammatory cytokines (33) . We show here that pLO-KO mice exhibit improved glucose tolerance, with greater insulin secretion and ␤ cell mass compared to HFD-fed control littermates. Given the specificity of our knockout for the islet, we accordingly observed no differences in weight gain and body fat distribution, adipocyte size, or macrophage infiltration into adipose tissue between control and pLO-KO animals. Importantly, no differences in insulin sensitivity (either by ITT or phospho-Akt signaling in muscle) were observed between control and pLO-KO mice, a finding that is also consistent with the islet specificity of the knockout. We therefore conclude that the improvement in glycemic control in pLO-KO animals is attributable to an islet-intrinsic effect of 12-LO deletion. This conclusion is also consistent with the known specificity of the Pdx1-Cre transgene for pancreas compared to adipose tissue, macrophage, liver, and brain. Notably, a recent study demonstrated expression of the Pdx1-Cre transgene in brain (40); however, based on genomic DNA analysis of Alox15 gene recombination, we did not observe evidence for recombination in brain tissue from our animals.
To verify the resistance of pLO-KO-derived islets to inflammation, we performed cytokine incubation studies in vitro. Interestingly, following an initial reduction in glucose-stimulated insulin secretion (equivalent to that seen in control islets), pLO-KO islets subsequently maintained their level of glucose responsiveness. These findings were also reflected in the multiple low-dose STZ studies of pLO-KO mice in vivo, wherein an initial worsening of blood glucose levels was followed by subsequent stabilization of glucoses at this slightly higher, but nondiabetic, level. In prior studies, we and others have shown that an initial effect of cytokine signaling (or STZ administration in vivo) is the upregulation of iNOS, which leads to short-term defects in stimulus-secretion coupling (19, 31, 41) . Indeed, there is no evidence from our studies that this initial effect of cytokines is mitigated by loss of 12-LO. magnification, ϫ200) ; (E) quantitation of the nuclear/cytoplasmic Nrf2 pixel density from islets of HFD-fed control and pLO-KO animals (n ϭ 300 total insulin ϩ cells from three animals per group). *, P Ͻ 0.05 compared to control or comparisons indicated.
These findings are unlikely to result from ␤ cell loss in the 4-to 24-h period, since death of ␤ cells does not occur until Ͼ24 h incubation with cytokines (42) . Nevertheless, the longer-term signaling effects of cytokines was clearly blunted in our studies. At least two observations might account for this finding: first, it has been reported that nitric oxide (the product of iNOS activity) can increase substrate (nonesterified arachidonic acid) availability to 12-LO in ␤ cells, resulting in increased 12-HETE production and reduced stimulus-secretion coupling. Thus, in the absence of 12-LO, this effect of nitric oxide would be blunted. Second, it has been shown that the longer term effects of cytokines include activation of the UPR in ␤ cells (42, 43) . It is likely that these two observations are causally linked by 12-HETE. In this respect, our observations that 12-HETE activates the UPR in ␤ cell lines despite 12-LO deletion suggests a role for 12-LO-derived lipid peroxides in the development of islet ER stress in vitro.
The development of ER stress is closely linked to processes that promote production of ROS (36) . We show that whereas cytokines can lead to increased ␤ cell ROS in islets, at least part of this effect can be attributed to 12-LO activity because its elimination diminishes ROS production. 12-LO activity, particularly 12-HETE itself, can increase NADPH oxidase activity in ␤ cell lines, with concomitant production of ROS, superoxide, and hydrogen peroxide (35) . The protection from HFD-induced ␤ cell dysfunction in pLO-KO mice likely reflects this reduction in ROS production, since we observed dramatically reduced 4-HNE staining in islets from these mice. Therefore, we feel our studies provide important new insights, since we demonstrate that 12-LO deletion enhances the expression of antioxidant proteins Gpx1 and SOD1 and therefore may improve the ␤ cell capacity to remediate oxidative stress. In this context, the overexpression of Gpx1 in islets of db/db diabetic mice protect against long-term hyperglycemia, partly through the restoration of ␤ cell transcription factor expression (44, 45) .
Because of the increases in Gpx1 and SOD1 in pLO-KO mice, we considered the possibility that 12-LO and its product 12-HETE affect the levels and/or nuclear localization of the transcription factor Nrf2, which regulates the primary gene expression program in response to oxidative stress (46) . The ␤ cell-specific Nrf2 knockout mouse exhibits enhanced sensitivity to oxidative stress (47) . Nrf2 is normally sequestered in the cytoplasm by two proteins, Cul3 and Keap1, that lead to its ubiquitin-mediated degradation. In the setting of oxidative stress, key cysteine residues in Keap1 are oxidized, causing disruption of ubiquitination and accumulation of Nrf2 in both the cytoplasm and the nucleus (48) (49) (50) . In islets, we show that total Nrf2 levels are reduced by cytokine incubation and restored upon the deletion of 12-LO. The effect of cytokines is recapitulated with 12-HETE alone. We therefore believe that 12-HETE is the key factor linking 12-LO to Nrf2. Similarly, we observed in pancreas sections of HFD-fed pLO-KO mice that not only do the Nrf2 levels in ␤ cells appear to increase but also that the perinuclear staining of Nrf2 is enhanced. Whether this effect on Nrf2 is a direct consequence of 12-HETE effects on Nrf2 itself or upon its regulatory proteins is an ongoing area of investigation in our group.
Taken together, our studies provide the first evidence that an intrinsic action of 12-LO in islets is central to insulin secretory defects and the development of glucose intolerance in the setting of obesity and insulin resistance. Our studies present a conceptually innovative approach to understanding how different metabolically active tissues might be linked to one another by a single protein in the setting of obesity and insulin resistance. Based on the data presented here, we propose the model depicted in Fig. 8 . In the setting of HFDs, cytokine signaling, and likely hyperglycemia from impaired peripheral glucose uptake and elevated systemic free fatty acids as well, promotes nitric oxide production and stimulates 12-LO activity. As the former provides added substrate to the latter, the intracellular production of lipid peroxide intermediates (e.g., 12-HETE) is increased. 12-HETE promotes oxidative stress and inhibits Nrf2 function, the result of which is diminished stimulus-secretion coupling and eventual ␤ cell apoptosis. Undoubtedly, aspects of this model will require further refinement, since the mechanisms by which 12-HETE impacts Nrf2 remain unclear. The recent identification of a potential 12-HETE receptor (GPR31 [51] ) raises the possibility that these and other effects of 12-HETE are mediated through a precise signaling pathway involving G protein-coupled receptors. Nevertheless, our studies suggest that the inhibition of 12-LO, possibly through clinical application of recently identified selective inhibitors (52) , may have applicability in the preservation of islet ␤ cell function in prediabetes or established type 2 diabetes. evidence from both published literature and the present study. High-fat diets (via cytokines, free fatty acids, and elevated blood glucose) activate 12-LO activity in ␤ cells, which then leads to increased 12-HETE production. In the present study, we propose that 12-HETE and other lipid peroxide products of 12-LO suppresses the otherwise adaptive increase Nrf2 transcription and protein levels. As a result, antioxidant genes and their encoded proteins are suppressed, leading to failure of ␤ cell adaptation and to glucose intolerance.
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